Accurate and reliable fault location method for alternating current (AC) transmission lines is essential to the fault recovery. MMC-based converter brings exclusive non-linear characteristics to AC networks under single-phase-to-ground faults, thus influencing the performance of the fault location method. Fault characteristics are related to the control strategies of the converter. However, the existing fault location methods do not take the control strategies into account, with further study being required to solve this problem. The influence of the control strategies to the fault compound sequence network is analyzed in this paper first. Then, a unique boundary condition that the fault voltage and negative-sequence fault current merely meet the direct proportion linear relationship at the fault point, is derived. Based on these, a unary linear regression analysis is performed, and the fault can be located according to the minimum residual sum function principle. The effectiveness of the proposed method is verified by PSCAD/EMTDC simulation platform. A large number of simulation results are used to verify the advantages on sampling frequency, fault resistance, and fault distance. More importantly, it provides a higher ranging precision and has extensive applicability. Abstract: Accurate and reliable fault location method for alternating current (AC) transmission lines is essential to the fault recovery. MMC-based converter brings exclusive non-linear characteristics to AC networks under single-phase-to-ground faults, thus influencing the performance of the fault location method. Fault characteristics are related to the control strategies of the converter. However, the existing fault location methods do not take the control strategies into account, with further study being required to solve this problem. The influence of the control strategies to the fault compound sequence network is analyzed in this paper first. Then, a unique boundary condition that the fault voltage and negative-sequence fault current merely meet the direct proportion linear relationship at the fault point, is derived. Based on these, a unary linear regression analysis is performed, and the fault can be located according to the minimum residual sum function principle. The effectiveness of the proposed method is verified by PSCAD/EMTDC simulation platform. A large number of simulation results are used to verify the advantages on sampling frequency, fault resistance, and fault distance. More importantly, it provides a higher ranging precision and has extensive applicability.
Introduction
Modular multilevel converter-based high voltage direct current (MMC-HVDC) plays an increasingly important role in the field of renewable energy integration and regional power grid interconnection, due to its outstanding advantages in having no commutation failure, flexible control, and superior harmonic performance [1] . The world's first ± 500 kV four-terminal MMC-HVDC demonstration project is currently under construction in Zhangbei, China, which is attracting more research interest in direct current (DC) short-circuit faults. But as an alternating current (AC)/DC hybrid system, the influence of AC faults should not be neglected. The single-phase-to-ground fault is one that happens frequently in AC transmission line, and the short-circuit current will seriously affect the safety and stability of the system. Therefore, locating and clearing the fault point as soon as possible is of great significance to improve the economy and reliability of the system operation [2] . However, the fault transient characteristics of the MMC-based converters in AC sides are influenced by the control strategies, which will cause some difficulties for locating fault [3] .
At present, the existing fault location methods for AC transmission lines can be classified into three main categories: traveling wave methods [4] [5] [6] , artificial intelligence-based methods [7] [8] [9] , and impedance-based methods [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Based on global positioning system, synchronized transient voltage measurements from double terminals are used to locate the fault in [4] . Reference [5] depends on the time difference between the first incident wave and the successive reflections from the fault point, which provide a method for identifying the reflected wave. In order to exert low computation burden, a method based on the Gabor transform is presented in [6] . Traveling wave methods have proven to have many excellent characteristics, but its limitations are apparent. The requirement of high sampling rate, reflected traveling waves that are hard to identify, and the poor anti-interference capability, will affect the accuracy of fault location. Artificial intelligence-based methods are suitable for handling the uncertainties of power systems. Artificial neural networks and support vector machines are used in [7] . Reference [8] is based on support vector regression, and uses the amplitudes of the single-terminal fault voltage waveforms to locate the fault. In [9] , a machine-learning algorithm is proposed. However, these methods depend severely on the training process, and samples are often not available in practice.
For the aspect of impedance-based methods, methods based on two-terminal electrical quantities are introduced in [10] [11] [12] . The methods might not be feasible due to data synchronization, communication technology, and high investment cost. References [10, 11] make efforts to solve the problem of data synchronization, but the iterative computation involved is too complicated. With the development of phasor measurement units, methods based on synchronized phasor is proposed in [12] . Impedance-based methods based on single-terminal electrical quantity calculate the fault location from the apparent impedance [13] [14] [15] [16] [17] [18] [19] . The principle of such methods is simple and easy to implement, but the accuracy is seriously affected by fault resistance and opposite terminal systems. In order to improve the ranging precision, improved methods are introduced in [14, 15] . Considering the non-linear characteristics of the arc, the arc voltage is equivalent to the current-controlled square wave source in [16] . The effect of mutual coupling in the double-circuit transmission lines is taken into account in [17, 18] , which are based on six-sequence components to locate faults. However, the assumption that the current through the fault branch is in phase with the current at the measurement point, is a problem that the methods are unable to avoid. Reference [19] proposes to combine the impedance-based method with the traveling wave method, but this brings new difficulties in algorithm cooperation. In addition, some methods based on wide area measurements are proposed in [20, 21] . These methods put forward higher requirements for the development of the future power grid.
To improve the ability of continuous operating, the MMC-based converter adopts a fault ride through control strategy, which displays major differences from traditional AC systems. The control system adjusts the magnitude and phase of the output current in real time, according to the falling degree of the positive-sequence voltage. As a result, the output behavior of the converter is non-linear [22] . Once a serious short-circuit fault occurs at the near end of the converter, and the falling degree of voltage exceeds the capacity of the fault control strategy, the converter will be blocked. Due to the output electrical quantity of the converter cannot be obtained effectively, impedance-based methods based on two-terminal are not suitable. Moreover, the angle between the AC bus voltage and the output current of the converter is no longer equal to the line impedance angle under the fault condition, and it further breaks the in-phase assumption of the single-terminal impedance-based methods. As a result, the methods mentioned above need improvement in order to meet the fault location task for the AC transmission line in MMC-HVDC-based AC/DC hybrid systems [23] , and the control strategies of the converter must be considered.
In this paper, the influence of control strategies adopted by the converter is analyzed in detail first. Based on the analysis, a feasible fault location method is proposed to improve the precision of the fault location. Through the proposed method, a single-phase-to-ground fault can be accurately located by single-terminal electrical quantity of the traditional power source side.
The rest of this paper is organized as follows: Section 2 introduces the control system of the MMC-HVDC-based AC/DC hybrid system and analyzes the influence of the negative-sequence current restraint strategy. The principle and criterion of the fault location method are introduced in Section 3. The parameters of the simulation model using PSCAD/EMTDC (X4.5, Manitoba HVDC Research Centre Inc., Winnipeg, MB, Canada) and simulation results of the proposed method are presented in Section 4. Some conclusions are summarized in Section 5.
Control System of the AC/DC Hybrid System
The model of an AC/DC hybrid system is shown in Figure 1 , which contains a typical four-terminal MMC-HVDC transmission system [24] . The single-phase-to-ground fault F G arises at the AC transmission line mn, which emanates from the converter.
. U and .
I are the voltage and current phasors, respectively, and j represents three-phase of the line mn (j = A, B and C). The total length of the line is L km and x f denotes a random fault distance from the bus n. The control system of each MMC-based converter is composed of inner positive-sequence current control loops, inner negative-sequence current control loops, outer power control loops [25] , a synchronous d-q frame phase detector [26] , and a fault ride through control strategy, and so on.
A flowchart of the control system is shown in Figure 2 . If there is no fault occurring on the transmission line, the control system of the MMC-based converter will operate normally. The converter can work in all four quadrants of the P-Q operating plane, to realize the function of the power transmission, and the power factor ranges from −1 to 1. If there is a fault and the ratio between the actual positive sequence voltage of the AC bus and the rated voltage B ≥ 0.9, the control system will maintain the same control target as that under normal operation. On the contrary, if 0.9 > B > 0.2, the fault ride through control strategy will operate to adjust the magnitude and phase of the output current [27] . In order to provide dynamic reactive power support for the AC system, the converter will work in two quadrants where Q > 0. In addition, if B < 0.2, converter will be blocked and quit operating.
When the AC system operates under unbalanced conditions, the inner negative-sequence current control loops will eliminate the negative-sequence output current of the fault side converter, to improve the performance of converters and to ensure the security of systems. The command reference of negative-sequence power currents i − dre f and i − qre f are set as zero, so that the negative-sequence component of the output current is no longer obvious. This control method is called negative-sequence current restraint strategy [28] . 
The Fault Location Method

Principle of the Proposed Method
Based on Section 2, when a phase-A-to-ground fault occurs in the line mn and B > 0.2, the fault side converter can rapidly take corresponding control strategies, which will limit the negative-sequence current flowing from the converter close to zero. I An0 . Therefore, the negative-sequence network of the phase-A-to-ground fault only contains the traditional AC grid side, which constitutes a single-terminal network. The negative-sequence current of the fault point is provided by the traditional AC grid. Thus, it rules out the influence that fault information of the converter side made to the fault point in principle. Based on the above characteristic, accurate fault location adopting the single-terminal electrical quantity of the bus n side can be realized.
According to Figure 1 , assuming that the phase-A-to-ground fault occurs with fault grounding resistance R f .
. U A f and . I A f are the residual voltage of the fault point in phase A, and the current flowing through the fault branch, respectively. Their relationship can be written as Equation (1):
The compound sequence network under the phase-A-to-ground fault is shown in Figure 3 , which is the series of positive-, negative-, and zero-sequence networks. The converter and its system behind can be equivalent to a controlled positive-sequence current source . I dev , which is not influenced by its working state in a rectifier or inverter [29] . Meanwhile, whatever the fault ride through control strategy adopted by the converter, the equivalence exists. Thus, the fault location method is not influenced by the fault ride through control strategy. Noted that . I Am f 1,0 and . I An f 1,2,0 are the fault sequence component currents at the fault point from the bus m side and n side, respectively. Z m1,0 , Z n1,2,0 , and Z Seq1,2,0 are the sequence component impedances between the bus m and the fault point, the sequence component impedances between the bus n and the fault point, and the equivalent sequence component impedances of the AC network at the back side of bus n, respectively. The impedance of the converter is neglected in this paper.
The positive-, negative-, and zero-sequence components of the fault branch current meet Equation (2):
where
I A f n2 and
I A f n0 . According to Equations (1) and (2), the boundary condition under the phase-A-to-ground fault at the fault point is:
For a random position in the fault phase line, its fault voltage and negative-sequence fault current only satisfy Equation (3) at the fault point. But in the other positions other than the fault point, due to the influence of the distributed parameter, their relationship is non-linear.
Therefore, the fault location can be realized under Equation (3)'s boundary condition. Fault voltage and negative-sequence fault current distributing along the fault phase line can be calculated based on the single-terminal electrical quantity of the bus n side. The analysis above is based on B > 0.2. If B < 0.2, the converter will be blocked and cease from operating. The negative-sequence network of the phase-A-to-ground fault is a single-terminal network, and Equation (3)'s boundary condition still exists. Thus, fault location can be realized as long as the fault occurs. 
Criterion of the Proposed Method
According to the analysis above, the data set (u(x, i) ∈ U i , i 2 (x, i) ∈ I 2i , where i represents different times), locating x off the bus n side, consists of the fault voltage and negative-sequence fault current. It meets the direct proportion linear relationship U i = 3R f I 2i merely at the fault point.
A direct proportion linear model is established as follow:
The residual sum function H(x) is introduced:
According to the least squares method, to achieve the minimum H(x), the proportional coefficient α can be calculated as:â
As a consequence, by performing a unary linear regression analysis of the data set, using Equations (5) and (6), the residual sum function H(x) of the whole line can be calculated. The higher the fitting degree between the data set and Equation (4) is, the smaller H(x) will be. The factors affecting the accuracy of the fault location method include the transient process of the converter control system restraining its negative-sequence output current, the rounding error in the process of calculating the fault voltage and negative-sequence fault current, the calculation error in the linear regression analysis, and the current transformer error in the practical application, etc. It is a principle that H(x) is minimum at the fault point, and therefore the fault distance can be located according to the fault location criterion Equation (7):
Calculation Method for the Fault Voltage and the Negative-Sequence Fault Current
The fault location method is based on the fault voltage and negative-sequence fault current distribution along the fault phase line. In this section, a specific calculation method will be given. The distributed parameter model of a single transmission line is shown in Figure 4 , where Z 0 = R 0 + jωL 0 is the series impedance per unit length of the line, and Y 0 = G 0 + jωC 0 is the shunt admittance per unit length of the line. For an infinitesimal section dx, which is located at x from the bus n side, the relationship between the voltage and current can be defined as:
According to single-terminal electrical quantity of the bus n side, Equation (9) can be obtained from Equation (8):
U n cosh(γx) − Z c .
I n sinh(γx)
.
where . U n and .
I n are the fundamental frequency voltage and current phasor of the bus n side, respectively, x is the distance between the calculating point and the bus n, Z c = √ Z 0 /Y 0 is the characteristic impedance of the line, and γ = √ Z 0 Y 0 is the propagation constant. Electromagnetic induction exists in a three-phase transmission line, which will affect the calculating accuracy of the voltage and current distribution along the line. Thus, before substitution into Equation (9), it is necessary to convert electric quantity of the bus n side into independent modulus components, through a decoupling transformation matrix. The symmetrical component method is one of the most common decoupling transformation matrixes in fault analysis, and the positive-, negative-, and zero-sequence components resulting from the decomposition are independent. A symmetrical component transformation matrix is shown as Equation (10):
For each sequence component, Equation (9) can be written as Equation (11):
where p represents the corresponding sequence component (p = 1, 2 and 0). In conclusion, in terms of the distributed parameter, the calculation method of the fault voltage and the negative-sequence fault current distribution along the fault phase line is proposed as follows:
1.
The fundamental frequency electrical quantity can be extracted from the bus n side by fast fourier transform with a window of sampling data. 2.
In the frequency domain, the symmetrical component method is used to obtain the sequence components of the fault voltage and fault current.
3.
Under the sequence component, the line parameters corresponding to the sequence components are substituted into Equation (11), respectively. As a result, the distribution of negative-sequence fault current, positive-, negative-, and zero-sequence fault voltages in the fault phase along the line can be calculated.
4.
By using the phase-model reverse transformation matrix, the three sequence component fault voltages are synthesized into the fault phase voltage.
The Process of the Fault Location Method
The overall flowchart of the proposed fault location method is shown in Figure 5 . The concrete steps are described as follows:
1.
The single-phase-to-ground fault can be detected through the protection method proposed in [27] , and the fault phase can also be selected.
2.
The single-terminal electrical quantity of the traditional power source side is extracted.
3.
The fault voltage and the negative-sequence fault current distributing along the fault phase line are calculated by the method introduced in Section 3.3.
4.
In the time domain, a data set is obtained, which consists of the fault voltage and the negative-sequence fault current at different times, for each distance along the fault phase line, and the criterion introduced in the Section 3.2 is used to locate the fault distance. 
Simulation and Verification
Case Study
Through the analysis in Section 3, we can find that, whether the DC side is a two-terminal or multi-terminal MMC-HVDC transmission system, or whether the DC side adopts a symmetric monopole or a symmetric bipolar connection mode, the fault location method proposed in this paper is applicable.
In order to verify the effectiveness of the fault location method, a typical AC/DC hybrid system simulation model was built on the PSCAD/EMTDC simulation platform, which is shown in Figure 6 . The specific parameters of the test model are listed in Table 1 , and the fault location algorithm was tested with MATLAB (R2013b, MathWorks, Natick, MA, USA). The converter transformer adopted a Yn/∆ connection mode, and the ∆ side of the transformer adopted the small fault current grounding method, which contains star-connected reactors with high grounding resistance [30] . The transmission line adopted the distributed parameter model. The control mode of MMC-1 was constant DC voltage and constant reactive power control, and MMC-2 possessed constant active power and constant reactive power control. 
Simulation Results
A phase-A-to-ground fault with 100 Ω fault resistance occurred in the line mn at 1 s, and the distance between the fault point and the bus n was 218 km.
The simulation results of negative-sequence fault currents at both sides and their ratio .
I An2 / .
I Am2 are shown in Figure 7 . As shown in Figure 7b , due to the influence of the negative-sequence current restraint strategy, the negative-sequence fault current flowing from the bus m was suppressed quickly. I Am2 could be ignored, which verified the rationality of the analysis in Section 3.1. Figure 8 shows the comparison between the calculated negative-sequence current waveform obtained by Equation (11) and the simulated waveform at the fault point. It can be seen that nearly no errors were observed between them at the steady state, which verified the validity of the calculation method proposed in Section 3.3.
Fitting results between the data set and (4) at the starting point of the line (the bus n) as well as the fault point are shown in Figure 9 . As displayed in Figure 9a , the fitting result performed badly at the starting point, making H(x) bigger. But it can be seen from Figure 9b that a high fitting precision was achieved at the fault point, and that the curve slope was about three times the fault resistance, which was consistent with the previous theoretical analysis. The fault location result is shown in Figure 10 . The horizontal axis in the figure represents the distance from the bus n, and the vertical axis represents H(x). It can be seen that the value of H(x) is minimum at 218.5 km, and that the absolute error of fault location is 0.5 km. The result shows that the ranging precision is high, which verifies the feasibility of the fault location method. 
Performance Evaluation
In order to provide dynamic reactive power support for the AC system, fault ride through control strategy of the converter will operate to adjust the magnitude and phase of the output current, which may affect the ranging precision of the fault location method. The simulation results with a different output reactive power of the converter when a single-phase-to-ground fault with 100 Ω fault resistance occurred at 5 km, 150 km, and 295 km of the transmission line were compared in Figure 11 . As the figure shows, the location error did not vary with the output reactive power of the converter, which verified that the proposed method had a good fault location performance.
In principle, the more intensive the calculating step ∆S of the fault voltage and negative-sequence fault current along the line is, the higher the ranging precision will be. However, intensive ∆S will also affect the calculating speed of the fault location algorithm. The ranging precision is more valued when conflict occurs. The simulation results with different calculating steps when a single-phase-to-ground fault with 100 Ω fault resistance occurred at different positions of the transmission line, are shown in Figure 12 . It can be seen that the location errors were close. In order to improve the calculating speed and ensure accuracy, ∆S was suggested as 0.25 km in the actual project. The influence of sampling frequency was also taken into account. Table 2 shows the simulation results with different sampling frequencies when a single-phase-to-ground fault with 100 Ω fault resistance occurred at 5 km, 150 km, and 295 km of the transmission line. As shown, the fault location error was not significantly affected, even for a low sampling frequency of 1 kHz. Thus, the proposed method was independent of sampling frequency, making it more practical in implementation. In order to further verify the effectiveness and accuracy of the fault location method, Figure 13 illustrates the fault location error under the single-phase-to-ground fault, with different resistances and different distances. The fault location error = |actual fault distance − calculated fault distance|/total line length × 100%. It is obvious that within the full length of the line mn, the proposed fault location method detected accurate fault location, and the fault location error was less than 0.6%. The fault location error was not affected by fault distance, but increased as the fault resistance increased. Even so, the fault location method had a strong capability to resist the fault resistance, and it had a high precision even when the fault resistance reached 300 Ω. Table 3 shows some specific data of Figure 13 . What is notable is that due to the calculating step adopted in the paper being 0.25 km, the interval of fault location error was 0.083%. This verifies that the proposed fault location method could maintain good performance irrespective of the fault distance and fault resistance. 
Conclusions
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Nomenclature
The following nomenclatures are used in this manuscript:
MMC-HVDC Modular multilevel converter based high voltage direct current F G Single-phase-to-ground fault .
U
The voltage phasor of the bus .
I
The current phasor flowing from the bus B
The ratio between the actual positive sequence voltage of the AC bus and the rating L The total length of the line mn x f Random fault distance from the bus n. i
The command reference of the negative-sequence active power current i
The command reference of the negative-sequence reactive power current .
I Am
The current flowing from the bus m under a phase-A-to-ground fault .
I Am1,0
The positive-and zero-sequence components of .
I Am
I An
The current flowing from the bus n under a phase-A-to-ground fault The fault sequence components current at the fault point from the bus n side Z m1,0
The sequence impedances between the bus m and the fault point Z n1,2,0
The sequence impedances between the bus n and the fault point Z Seq1,2,0
The equivalent sequence impedances of the AC network at the back side of bus n
